MICROVASCULAR DAMAGE after reperfusion therapy for acute myocardial infarction may limit the completeness of tissue perfusion despite reopening of the epicardial vessel. This "no-reflow" phenomenon, which was first observed in animal studies of coronary occlusion and reperfusion, has been characterized by decreased resting myocardial blood flow, distinct areas of hypoperfusion, and functional vascular damage within the previously ischemic tissue (1, 22, 30) .
Because reperfusion therapy has become one of the pivotal goals in acute myocardial infarction, the noreflow phenomenon has obtained increasing attention in clinical situations. The significance of no reflow for predicting clinical outcome, myocardial viability, and contractile recovery, as well as treatment strategies to prevent no reflow, is being evaluated in several studies, using myocardial contrast echocardiography, angiographic parameters, and magnetic resonance imaging (9, 13, 17, 18, 26, 28, 32, 34, 35) .
However, microvascular damage may depend to a substantial degree on reperfusion injury. As demonstrated in a canine model by Ambrosio et al. (1) , perfusion defects increased more than twofold between 2 min and 3.5 h of reperfusion. Since then, evidence for a progression of no reflow with ongoing reperfusion emerged even in the clinical situation of reperfused acute myocardial infarction (17, 18, 19, 23) . However, the exact time course of progression of anatomic no reflow during reperfusion is not well defined, both in experimental animal designs and clinical circumstances (29) .
Thus we sought to define the development of anatomic no reflow within the first 8 h of reperfusion in a rabbit model of coronary occlusion and reperfusion to achieve insight into the degree and time course of microvascular reperfusion injury.
METHODS
The experiments were conducted in accordance with the national and institutional Guide for the Care and Use of Laboratory Animals.
Animal Preparation
New Zealand White male rabbits (2.0-3.2 kg) were anesthetized by intramuscular ketamine (400 mg) and xylazine (200 mg). After tracheotomy, ventilation was initiated by means of a mechanical respirator (model 665, Harvard Apparatus Respirator; South Natick, MA) using room air enriched with 1.5 l/min oxygen. Fluid-filled catheters were inserted into the right jugular vein and carotid artery for additional anesthesia (pentobarbital, as needed to suppress the blinking reflex) and continuous monitoring of arterial blood pressure.
After a left lateral thoracotomy in the fourth intercostal space and pericardial incision, a major branch of the circumflex coronary artery was encircled by a suture (4-0 silk suture, Ethicon; Sommerville, NJ). By threading the two ends of the suture through a piece of plastic tubing, a snare was formed, which could be tightened to achieve coronary artery occlusion. A fluidfilled catheter was inserted into the left atrial appendage and fixed by a clip. Rectal temperature was monitored, and a heating pad was used to maintain body temperature.
Hemodynamics
Heart rate and systolic and diastolic blood pressure were measured and averaged over three consecutive cardiac cycles for each sample period. Variations in heart rate and blood pressure over these three cycles were minimal (Ͻ5 beats/min and Ͻ5 mmHg, respectively).
Assessment of Ischemic Risk Area, Area of No Reflow, and Infarct Size
At the end of the protocol, 1 ml/kg of 4% thioflavin S [dissolved in 0.9% saline and then centrifuged (1,500 rpm) for 5 min, Sigma; St Louis, MO] was injected into the left atrium. Thioflavin S is a vital fluorescent stain for endothelium. After ϳ1 min, the coronary artery was reoccluded and 4 ml of 50% Uniperse blue (Ciba Geigy; Hawthorne, NY) was injected into the left atrium to measure the ischemic risk area. The rabbits were euthanized by an intravenous overdose of xylazine (100 mg) followed by 12 meq intra-atrial potassium chloride. After removal of the heart, the left ventricle was sliced into five to seven transverse sections. The slices were photographed under water, rephotographed under ultraviolet light in a dark room (365-nm wave length, Spectroline model ENF 280 C, Spectronics; Westbury, NY) using a Y48 barrier filter (Minolta), and again photographed after incubation in 1% triphenyltetrazolium chloride (TTC; 37°C, for ϳ15 min). TTC stains viable myocardium red; necrotic tissue appears pale yellow. The contour of each slice; the risk area (not stained by the blue dye); the macroscopic hemorrhage, visible as brownish-red tissue within the risk area; the area of no reflow (ANR), defined as the nonfluorescent area; and the area not stained by TTC were traced manually from the projected slides. No staining technique was used to visualize the hemorrhagic tissue, which was obvious by inspection of the heart slices as dark reddish-brown areas. After computerized planimetry, the percentage of the areas was multiplied by the weight of the slice. The risk area was expressed as a percentage of the weight of the left ventricle; the hemorrhage, the ANR, and the TTC-negative area were expressed as a percentage of the weight of the risk area.
Regional Myocardial Blood Flow
Regional myocardial blood flow (RMBF) was measured by intra-atrial injection of ϳ500,000 microspheres per measurement, labeled with 96 Nb, 141 Ce, or 103 Ru. Simultaneously, a reference blood sample was withdrawn through the arterial catheter at a rate of 2.06 ml/min. The hearts were cut into samples stained by the blue dye (nonischemic tissue) and not stained by the dye (tissue at risk). Great effort was used in carefully dissecting the entire risk area for the assessment of RMBF, thus representing an average of the whole risk area. Tissue and blood sample radioactivity was counted using a multichannel pulse-height analyzer (model ND62, Nuclear Data; Schaumburg, IL). RMBF was calculated after correction for background and crossover as the ratio of counts in the tissue and the reference blood sample multiplied by the reference flow rate and divided by the weight of the tissue sample.
Protocols
Protocol 1: main study. All of the animals were subjected to 30 min of coronary artery occlusion, followed by reperfusion for either 2, 30, 60, 120, or 480 min (groups I-V, n ϭ 9 animals/group). RMBF was measured at different time points (Table 1) . When RMBF was measured at the end of the protocol, intra-atrial injection of the microspheres was begun 1 min before the injection of thioflavin S. In one heart, data on hemorrhage were not available due to technical reasons.
Protocol 2: sham animals. To assess the influence of anesthesia, surgery, and instrumentation of the heart, in particular with respect to the long duration of anesthesia in group V, two animals were anesthetized and instrumented in the same way except that the snare was not tightened. RMBF was determined at baseline, 150 min, and 510 min before thioflavin S was injected into the left atrium, and the animals were euthanized.
Statistical Analysis
Data are expressed as means Ϯ SE. The area at risk, ANR, the area not stained by TTC, and the hemorrhage in the groups of the main study were compared by one-way ANOVA with subsequent Tukey's post hoc test. Trend analysis between these parameters and reperfusion time in these five groups was performed using a linear regression model. The RMBF data during reperfusion, measured at two time points in the course of reperfusion in groups II-V, were compared using a paired Student's t-test in each group. A P value of Ͻ0.05 was considered statistically significant.
RESULTS

Hemodynamics
Coronary artery occlusion was followed by a marked decrease of systolic and diastolic blood pressure and an increase in heart rate in the five groups ( Fig. 1 ). During reperfusion, systolic and diastolic blood pressure tended to further decrease, which was accompanied by an increase in heart rate. Temperature was relatively stable during the protocols. Six rabbits assigned to group V and one rabbit assigned to group IV, which died during reperfusion because of progressive hypotension, were excluded from the analysis and replaced.
The time course of hemodynamics in the sham animals, which showed a similar decrease of blood pressure ( Table 2 ), suggests that the decrease in blood pressure during reperfusion could mainly be attributed to the effect of anesthesia and opening of the chest.
Infarct Size
The average risk area in the five groups ranged between 30.1% and 32.0%. The area not stained by TTC was significantly smaller in groups I and II compared with group V (Fig. 2) . Infarct size in group V amounted to 44.1 Ϯ 3.8% and was not significantly different from infarct size in groups III and IV (37.7 Ϯ 3.6% and 37.1 Ϯ 2.5%). The potential limitations of TTC staining for the assessment of infarct size with short periods of reperfusion are discussed below. However, because the TTC-negative area in groups III and IV did not significantly differ from that of group V, these values may serve as a good estimate for infarct size in these groups.
ANR and Hemorrhage
The ANR was below 10% of the risk area in six of nine animals in group I (Figs. 2 and 3) . However, three hearts showed a substantial perfusion defect, even after 2 min of reperfusion. The average ANR was 12.2 Ϯ 4.2% of the risk area in group I, which was significantly smaller than that in groups IV and V. There was a progressive increase of anatomic no reflow in the groups with longer reperfusion times, and the ANR as a percentage of the risk area was 30.8 Ϯ 3.1% after 2 h of reperfusion (group IV) and 34.9 Ϯ 3.3% after 8 h of reperfusion (group V) (82.4 Ϯ 4.2% and 79.4 Ϯ 4.2% of the infarct size, respectively). The increase in anatomic no reflow mainly occurred within the first 2 h of reperfusion, with only a little increase between 2 and 8 h of reperfusion. With the use of a linear regression model, a significant trend toward larger ANRs with longer reperfusion time was apparent (P Ͻ 0.0007). The ANR in groups III-V was always smaller than the TTC-negative area, and the size of the ANR significantly correlated with the amount of necrosis in these groups (r ϭ 0.88-0.97).
The amount and spatial distribution of the macroscopic hemorrhage closely correlated with the ANR in groups II-V (r ϭ 0.72-0.95). After 2 min of reperfusion, essentially no hemorrhage was visible except for minor spots adjacent to the suture. However, the hemor- rhagic tissue increased with ongoing reperfusion and reached a value of 37.3 Ϯ 3.7% of the risk area in group V. Again, a significant trend toward increasing size of the hemorrhage with longer reperfusion was obvious (P Ͻ 0.0004).
In contrast, the two sham animals revealed a homogenous distribution of fluorescence after 8.5 h without occlusion except a small nonfluorescent area with hemorrhage at the site of the suture in one animal.
Regional Myocardial Blood Flow
RMBF at baseline ranged between 1.76 Ϯ 0.13 and 2.44 Ϯ 0.19 ml ⅐ min Ϫ1 ⅐ g Ϫ1 in nonischemic tissue (Fig.  4) . RMBF in the risk area during occlusion was 0.02 Ϯ 0.01 ml ⅐ min Ϫ1 ⅐ g Ϫ1 in group I, i.e., negligible collateral flow. During reperfusion, RMBF in the risk area was hyperemic with 2 min of reperfusion and then progressively declined during reperfusion. After 2 h of reperfusion, RMBF within the risk area seemed to reach a plateau at a level of ϳ0.90 ml ⅐ min Ϫ1 ⅐ g Ϫ1 . Correlation analysis of RMBF in the risk area at the end of the experiment versus size of anatomic no reflow revealed an inverse correlation in each group (r ϭ Ϫ0.50 to Ϫ0.75, P Ͻ 0.02-0.18).
In the nonischemic tissue, RMBF did not significantly change during the course of the experiments, but RMBF at 8 h of reperfusion was substantially but not significantly increased.
The data of the sham animals (Table 2) suggest that this increase might be most likely related to changes of whole body physiology by anesthesia, open-chest, and instrumentation.
DISCUSSION
The main results of this study are as follows: 1) Anatomic no reflow increases nearly threefold between 2 min and 8 h of reperfusion.
2) The most significant portion of this increase occurs during the first hour and to a lesser extent during the second hour of reperfusion. 3) After initial hyperemic reflow, RMBF in the risk area rapidly declines and reaches a plateau at ϳ0.9 ml ⅐ min Ϫ1 ⅐ g Ϫ1 with 2 and 8 h of reperfusion, which is ϳ50% of normal nonischemic flow. 4) The development of macroscopic hemorrhage lags behind the development of anatomic no reflow but correlates well with its extent and spatial distribution after 30 min of reperfusion. Thus it appears to be the consequence of microvascular injury.
Thioflavin S as a Marker of No Reflow
In several studies, the technique of thioflavin S staining to delineate anatomic no reflow was shown to be highly accurate when compared against ultrastructural signs of microvascular damage and compared Fig. 3 . Apical slices of hearts after 30 min of occlusion and 2 min of reperfusion (A) and 8 h of reperfusion (B). A: after 2 min of reperfusion, there is no macroscopically visible hemorrhage in the risk area (top), the TTC-negative area is relatively small (middle), and only small zones within the risk area appear nonfluorescent under an ultraviolet light (bottom). B: after 8 h of reperfusion, however, the risk area contains a substantial amount of brownish-red tissue, defined as the macroscopic hemorrhage (top). TTC staining leaves the necrotic tissue unstained, showing a pale white to yellow color after 8 h of reperfusion (middle). Sizable nonfluorescent zones, the area of no reflow, are visible after 8 h, which closely correlates with hemorrhage and necrosis (bottom). Within the nonischemic tissue, less fluorescence is visible due to the blue dye.
with other dyes (e.g., carbon black) used to stain reperfused tissue (22) . In the canine model, areas of nonfluorescence after thioflavin S were characterized by a RMBF of Ͻ50% of normal flow, both after short and long durations of reperfusion (1). Autofluorescence of heart slices (without thioflavin S staining), as demonstrated in some pilot experiments, was mainly confined to connective tissue and the endo-and epicardial surface. To further validate this technique in the rabbit, we compared the size of nonfluorescent areas and zones not stained by the blue dye 50% Uniperse blue, which was injected simultaneously with thioflavin S at the end of the experiment without reocclusion, in nine different experiments with durations of occlusion between 30 and 120 min and durations of reperfusion between 2 and 120 min. Size and spatial distribution of no-reflow zones closely correlated with each other (r ϭ 0.98). Interestingly, the areas not stained by the blue dye, which is a suspension of blue particles, were always slightly larger than the nonfluorescent areas [ANR (percentage of the left ventricle, thioflavin S) ϭ Ϫ0.4 ϩ 0.8 ANR (percentage of the left ventricle, blue dye)]. This might indicate that anatomic no reflow is a gradual phenomenon with small border zones of re- duced flow that are stained or not, depending on the ability of the specific dye to penetrate into these zones of low reflow. In addition, this relationship may reflect the ability of the eye to discriminate between stained and nonstained tissue, depending on the color of the used dye.
Thus this technique appears to be appropriate in this model. Furthermore, the accuracy was not influenced by the duration of occlusion or reperfusion.
Time Course of Microvascular Reperfusion Injury
Most animal studies that addressed the issue of microvascular reperfusion injury were performed in a canine model of coronary occlusion and reperfusion. One of the first fundamental investigations by Ambrosio et al. (1) found an increase in the ANR, visualized by thioflavin S, from 9.5% at 2 min of reperfusion to 25.9% of the risk area at 3.5 h of reperfusion. Interestingly, these zones of no reflow were characterized by nearly no collateral blood flow during occlusion. However, the exact time course of anatomic no reflow during reperfusion has not been clarified for years except for these two time points at 2 min and 3.5 h of reperfusion (29) .
The data of the present study in the rabbit model, which is characterized by negligible collateral blood flow, extend the findings by Ambrosio et al. (1) by defining the time course and degree of this expansion of microvascular damage during reperfusion: The major part of reperfusion-related increase in anatomic no reflow occurs within the first hour of reperfusion, with markedly less progression within the second hour, and only a minimal, if any, increase between 2 and 8 h of reperfusion. RMBF, assessed as an average of the whole risk area, parallels this time course of anatomic no reflow, reaching a plateau at 2 h of reperfusion. Within the foci of no reflow, however, RMBF can be assumed to be markedly lower. In addition, RMBF in the risk area closely correlated with the size of no reflow in each group.
A recent study by Rochitte et al. (31) used hypoenhancement visible after contrast enhancement on magnetic resonance imaging as a measure of microvascular obstruction in reperfused canine infarcts. In contrast to our findings, they reported a progressive increase of microvascular obstruction from 2 h (13%) to 6 h (23%) of reperfusion and a further growth by 48 h of reperfusion (30% of infarct size). One might speculate that these differences are solely species related, because the rabbit model, in contrast to the canine model, is subjected to more severe and uniform ischemia during occlusion due to its negligible collateral flow. However, hypoenhancement on magnetic resonance imaging and zones of nonfluorescence after thioflavin S may also substantially differ from each other and may be differently influenced by the duration of reperfusion. Despite a strong correlation between hypoenhancement and thioflavin S negative areas after 2 days of reperfusion, only ϳ50% of the thioflavin S-negative area in this study by Rochitte et al. (31) and ϳ25% in a comparable study (21) demonstrated hypoenhancement on magnetic resonance imaging.
With the use of scintigraphic techniques, Jeremy et al. (20) convincingly demonstrated reperfusion-related worsening of tissue perfusion in the canine model as well. In this study, tissue perfusion, assessed by 82 Rupositron emission tomography, declined within the first 4 h of reperfusion (20) .
The time course of reperfusion-related expansion of no reflow in clinical situations is even less well defined. Characteristic changes of intravascular flow velocity patterns, assessed by intravascular Doppler measurements, were observed in the first 10 min after interventional recanalization for acute myocardial infarction (19) . Assessment of coronary venous flow demonstrated a progressive decrease in the first 24 h after reperfusion therapy for acute anterior wall infarction (23). Asanuma et al. (2) found a new contrast defect on myocardial contrast echocardiography in 25% of patients with anterior myocardial infarction after 31 days compared with contrast echocardiography shortly after reopening of the epicardial artery.
Mechanisms of No Reflow
Although many different concepts have been developed to explain the occurrence of the no-reflow phenomenon, their significance and mutual interrelations are not yet clarified (for a review, see Ref. 30) .
Localized endothelial swelling and membrane-bound intraluminal bodies are the major ultrastructural characteristics of the microvascular bed after temporary ischemia that may directly contribute to compromised tissue perfusion, probably early after reflow (22) . Oxygen-derived free radicals (5, 27) and leukocyte accumulation (6, 7, 11) during reperfusion are regarded as crucial mechanisms in the progression of no reflow during reperfusion. The rapid expansion of the noreflow zone in the present study apparently supports this concept. Tissue edema has also been put forward to explain microvascular hypoperfusion by mechanical compression (24) . However, this probably cannot explain the worsening of myocardial blood flow within the first 2 h of reperfusion, because tissue edema in general develops very rapidly after reflow. In the present study, baseline RMBF in the risk area, measured at the end of the protocol, was slightly lower than RMBF in the nonischemic tissue in every group, most likely due to the development of edema during reperfusion. Thus baseline RMBF in the risk zone, expressed as a percentage of baseline RMBF in the nonischemic myocardial tissue, may serve as an estimate for the amount of tissue edema that has developed during reperfusion. Apparent baseline RMBF in the risk area amounted to 93 Ϯ 5% of RMBF in the nonischemic tissue already after 2 min of reperfusion and did not further decrease during this period of rapid expansion of no reflow (92 Ϯ 6% after 1 h of reperfusion and 95 Ϯ 6% after 2 h of reperfusion) nor did this percentage significantly correlate with the ANR (P Ͻ 0.20), which does not support a major role of tissue edema in the observed progression of no-reflow zones.
Spasm of resistance vessels has also been put forward to explain the marked reduction of tissue perfusion after myocardial infarction (14, 15) . The mutual interrelations between morphological signs of endothelial damage and a potential contribution of precapillary spasm to the perfusion defects remain to be determined.
Coagulation and thrombotic microvascular occlusion are not believed to play a primary role in the development of no reflow. However, as recently demonstrated in the rabbit, tissue factor might be involved in no reflow by activating factor VII when exposed to flowing blood (12) . In the clinical setting of acute myocardial infarction, coronary microembolization from disrupted plaques or thrombotic lesions significantly contributes to microvascular damage, which is not simulated in most animal models of coronary occlusion and reperfusion (30, 33) .
Hemorrhage and Microvascular Injury
The rabbit heart, a model without relevant collateral flow, is apparently very prone to the development of hemorrhage during reperfusion. While there was nearly no macroscopically visible hemorrhage after 2 min of reperfusion, the amount of hemorrhage in the other groups closely correlated with the ANR. As demonstrated by Higginson et al. (16) , hemorrhage in the canine model predominantly occurred in myocardial tissue that had obtained nearly no collateral flow during coronary occlusion and was confined to areas of myocardial necrosis. Fishbein et al. (10) suggested that hemorrhage was a consequence of preexisting vascular injury and not its cause, which is in accordance with our observation that the development of hemorrhage lagged behind the occurrence of ANR. Even a recent clinical study (2) using magnetic resonance imaging for detection of intramyocardial hemorrhage and myocardial contrast echocardiography for detection of perfusion defects demonstrated that intramyocardial hemorrhage only occurred in patients with sizable contrast defects.
Limitations
The TTC staining with short durations of reperfusion remains inconclusive. According to Birnbaum et al. (4) , infarct size, as assessed by TTC staining in a similar animal model, seemed to reach a plateau by 2-3 h of reperfusion but was significantly smaller with shorter durations of reperfusion (4), which is in accordance with the findings of the present study. However, whether reflecting the ability of TTC to adequately stain necrotic tissue, or a true progression of necrosis during reperfusion, cannot be clarified by the present study (3, 8, 25) .
In addition, we have to reckon with substantial changes in whole body physiology due to open-chest and anesthesia, in particular in the long reperfusion group, as suggested by the decreased blood pressure and increased RMBF in the sham group. We cannot exclude that resting RMBF in the risk area after 8 h of reperfusion is even more compromised than our data suggest, which might be measured under a hyperemic stimulus.
However, it seems to be unlikely that the amount of anatomic no reflow is significantly influenced by blood pressure at the end of the experiment, when thioflavin S was given, as the high RMBF in the nonischemic tissue (group V) demonstrates that compromised tissue perfusion is not due to hypotension. In addition, blood pressure at the end of the protocol and the size of the ANR were not inversely correlated, both when all individual animals of the main study were analyzed together (r ϭ Ϫ0.15) and for separate analyses in each group.
Summary and Conclusions
Reperfusion injury appears to be responsible for a nearly threefold increase of anatomic no reflow within the first 8 h of reperfusion accompanied by a parallel decrease of RMBF. This expansion of no reflow predominantly occurs during the first 2 h of reperfusion, finally encompassing ϳ80% of the infarct. The development of macroscopic hemorrhage lags behind no reflow and seems to be the consequence of microvascular injury.
